Abstract Despite new and effective drug therapies, insulin resistance (IR), type 2 diabetes mellitus (T2D) and its complications remain major medical challenges. It is accepted that IR, often associated with over-nutrition and obesity, results from chronically elevated oxidant stress (OS) and chronic inflammation. Less acknowledged is that a major cause for this inflammation is excessive consumption of advanced glycation end products (AGEs) with the standard western diet. AGEs, which were largely thought as oxidative derivatives resulting from diabetic hyperglycemia, are increasingly seen as a potential risk for islet β-cell injury, peripheral IR and diabetes. Here we discuss the relationships between exogenous AGEs, chronic inflammation, IR, and T2D. We propose that under chronic exogenous oxidant AGE pressure the depletion of innate defense mechanisms is an important factor, which raises susceptibility to inflammation, IR, T2D and its complications. Finally we review evidence on dietary AGE restriction as a nonpharmacologic intervention, which effectively lowers AGEs, restores innate defenses and improves IR, thus, offering new perspectives on diabetes etiology and therapy.
Introduction
As the incidence of type 2 diabetes (T2D) continues to increase [1] and its multifactorial etiology is still debated, new evidence points to lifestyle factors as critical predisposing factors [2, 3] . T2D as well as obesity are characterized by chronic inflammation and insulin resistance (IR), associated with chronically elevated oxidant stress (OS).
The importance of hyperglycemia in the pathogenesis of diabetic complications has been reinforced by clinical trials [4, 5] although more recent studies [6] [7] [8] point to additional risk factors. For instance, one way for hyperglycemia to cause cell injury is by fostering advanced glycation end products (AGEs). These are known to contribute to the complications of diabetes by raising intracellular oxidative stress (OS) [9] [10] [11] . Compelling epidemiologic evidence suggests that elevated AGEs may be a significant risk factor for type 1 diabetes [12] , for beta cell injury [13] [14] [15] [16] and for peripheral IR [17, 18] . This evidence begs the question of the origin of the large concentrations of AGEs that could induce beta cell toxicity prior to diabetes onset. New studies have introduced an instructive view proposing that the abundance of prooxidant AGEs in the highly industrialized modern food environment could potentially account for the initiation and progression of pre-diabetes to diabetes [19] .
High Systemic AGEs-Not Always From High Glucose
Among naturally occurring reducing sugars, glucose exhibits the slowest glycation rate, unlike fructose, glucose-6-phosphate, or glyceraldehyde-3-phosphate, which are intracellularly present at small levels, but can form AGEs at a faster rate, especially under high temperatures (ie, ex vivo) [20] . The chemical transformation of amine-containing molecules by reducing sugars-whether on proteins, lipids, or nucleotides [21] -results in AGEs or Maillard products. Since high OS triggers the formation of dicarbonyl derivatives or AGEs it follows that diabetes and conditions of chronic high OS will further accelerate this spontaneous process. Carboxymethyllysine (CML), pentosidine, or derivatives of methylglyoxal (MG) (ie, MG-H1) are among the bettercharacterized AGE compounds, currently serving as AGE markers [19, 22] .
It has now become evident that even in the absence of diabetes, AGEs can be introduced into the circulation together with nutrients processed by common methods such as dry heat [23] or during tobacco smoking [24] . Food processing, involving dry heat, ionization, or irradiation, whether at the industrial or commercial levels, significantly accelerates the generation of new AGEs [25, 26] . Heat and dehydration are also common in home cooking. Such simple methods, though intended to improve safety, digestibility, and transportability of foods, can amplify the formation of AGEs. For the food industry, AGEs in food are highly desirable because of the profound effect of AGEs on food flavor and, hence, on food consumption [27] .
Human and animal studies demonstrated that about 10 % of AGEs contained in a meal can be absorbed into the circulation, of which two-thirds remain in the body for 72 hours [23, 28] , long enough to promote OS, more AGEs, and potentially tissue injury. Common AGEs, such as CML, MG-derivatives, and others are thought as capable of inducing inflammatory events [26] . Since the effects of both, exogenous and endogenous AGEs can be directly or indirectly blocked by anti-oxidants and anti-AGE agents [26] , they have overlapping biological properties.
Among healthy subjects the daily intake of AGEs during regular meals is estimated to be excessive beyond a range compatible with low levels of inflammatory markers. We have defined a high-or low-AGE diet on whether the estimated dietary AGE intake is greater or lower than 15,000 AGE kU/ day, which happens to be the median dietary AGE intake in our cohort of healthy community dwellers [29•, 30] . This is largely attributed to the fact that most favored methods of food preparation promote AGE formation. On a chronic basis, consumption of high AGE foods can cause a strain upon, and eventually a depletion of native anti-oxidant defenses, setting the stage for disease, ie, diabetes. A premature compromise or else an inability to mount sufficient innate antioxidant defenses may account for the fact that high serum AGE levels in mothers closely correlated with those of their newborns. Moreover, high serum AGEs in mothers predict higher plasma insulin or HOMA levels, but lower adiponectin levels [31] during the first year of life, factors which may precondition infants, with or without genetic predisposition, to diabetes. In this context, crucial epidemiological evidence has emerged identifying high levels of circulating AGEs as a risk factor for developing T1D, both in ICA+ (islet cell autoantibodies) twin as well as in nontwin cohorts [12] , which highlighted the evidently important question of the origin of high AGE levels prior to diabetes and at a young age.
Based on semiquantitative but well-validated immune assays new information on the AGE content of common foods [29•, 30] has began to illustrate that dry heat-involving food processing methods (typically broiling, searing, and frying) significantly increase the content of protein, as well as lipidrelated AGEs in foods, especially those of animal origin, unlike methods that utilize lower temperatures and more moisture or water (as in stewing, steaming, boiling). The same amount or type of nutrient, such as protein or fat, can dramatically influence the amount of glycoxidants delivered if prepared under dry-heat, the burden of which can lead to depleted defenses ( Fig. 1) primary adipocytes from trans-generational mice exposed for life to specific AGEs, such as MG-albumin-added to a low AGE diet at levels matching those in a standard mouse chowshowed that sustained exposure to glycoxidants can alter insulin receptor and IRS-1 phosphorylation levels and pattern, leading to impaired glucose-uptake, or fat mobilization from adipose tissue [32••] . Another noteworthy finding was that, by the fifth generation, MG-fed mice developed insulin resistance as early as 16-18 months of age, instead of 24-26 months of age seen in the regular chow-fed controls. The AGE-restricted cohort did not develop these changes until beyond the age of 36 months or a time interval corresponding to approximately 20 human years [32••] . These findings have begun to shift prior dogmas and introduce the view that prolonged exposure to an oxidant force that normally does not exist in nature, over the span of several generations, can deplete innate immune defenses, thus, misfiring inflammatory responses or fostering metabolic defects, namely in insulin action. This view, while prompting further investigation into potential epigenetic changes, has begun to receive support in the clinical setting, as is discussed later [19, 22, 23] .
Several well-controlled animal studies have suggested that AGEs are also involved in islet β-cell damage in both T1D and T2D. Restriction of external AGEs protected and maintained normal pancreatic islet morphology and function in diverse models of diabetes, whether of genetic ie, nonobese diabetic (NOD) mice susceptible to autoimmune T1D or db/ db+/+ mice prone to T2D [13, 14] (Fig. 2) , or nongenetic etiology, (ie, dietary fat-induced or age-related diabetes) [15, 17] . Subsequent data assigned AGE-mediated β-cell toxicity to the inhibition of cytochrome-c oxidase and reduced ATP production, thus, impairing insulin secretion [13, 34, 35] . AGEs can also promote immune cell (T-cell, macrophage) recruitment, activation and beta cell cytotoxicity, apoptosis or cell death. AGER1 normally suppresses the effects of AGEs and ROS, and may enhance SIRT1 expression and function in beta cells, positively regulating insulin secretion (Fig. 3) . However, under chronic high-level AGE conditions, AGER1, SIRT1 and other defenses are downregulated, thus, possibly contributing to beta cell dysfunction or destruction. An AGE inhibitor, aminoguanidine (AG) [34] protected islet beta cell function both in vivo and in isolated rat islet [34, 35] . Other animal studies have expanded the mechanistic basis of these findings and together demonstrated that excessive AGEs have the potential of acting as diabetogenic agents in the proper context [36] .
Diet-derived AGEs and Human Health
High AGE levels in T2D patients had been attributed to endogenous sources, namely hyperglycemia and OS [9] until it was noted that nondiabetic persons too could have "diabetic" levels of serum AGEs and OS, if they consumed a diet with a high AGE content [19, 22] . In pursuing this further, it was noted that unlike previous dogma, serum AGEs correlated with dietary AGE intake, as well as with established markers of OS and inflammation, such as hsCRP and TNFα, independent of age or diabetes [19, 22] . In self-declared normal controls from our population a significant association with HOMA, an indicator of IR, was also noted suggesting that the standard western diet could serve as a constant source of oxidants (Fig. 4, A and B) . This, if supported by larger trials, may prove critical for those subjects with "nonobese" BMI who consume excessive AGEs as these may raise their risk for the metabolic syndrome or T2D.
Other studies reported lowered levels of serum AGEs in diabetic patients after 2 months on a low-AGE diet [37] . This Fig. 2 AGE restriction protects islet structure and function in mice genetically predisposed to type 1 (A) and type 2 diabetes (B). Nonobese diabetic (NOD) mice (A) and db/db +/+ mice (B) were exposed to either standard or low-AGE diet for life. Pancreatic islets from mice on AGErestriction did not display the mononuclear cell infiltration, typical of NOD mice fed a standard diet (AGE-rich) (H&E magnification ×400,). Similarly, islets from age-matched db/db+/+ mice, after AGE-restriction, showed intact insulin production compared with those on regular diet. (insulin staining, magnification ×400) and other studies involving subjects with or without diabetes or with chronic kidney disease provide strong evidence that a low AGE diet program can be highly effective in reducing chronic OS and inflammation [22, 33••, 37] . Together, these studies bring into focus a new fact: the modern food environment can act as a significant source of AGEs, which are capable of altering native defenses and of disturbing antioxidant balance in humans. Importantly, a dietary intervention, which utilizes a regimen of reduced AGE consumption, may represent a simple yet significant advance in the efficacy of anti-diabetic therapies [33••, 37] .
Another notable but unrecognized source of AGEs is cigarette smoking [24] . The processing or curing of tobacco involves AGE formation since the plant leaves are heat-dried in the presence of reducing sugars, added for purposes such as taste and smell. Subsequent combustion can lead to the inhalation of AGE derivatives and transfer into the circulation [24] . Levels of serum AGEs or LDL-apolipoprotein-B were found higher in chronic cigarette smokers than in nonsmokers. Also, AGE levels were higher in arterial wall samples or ocular lenses in smokers with diabetes compared with those from nonsmoking diabetic persons [38] . Mechanistic and efficacy studies on smoking cessation have not been conducted from this perspective.
AGE Balance: Keeping a Tide at Bay AGE catabolism is dependent on tissue anti-oxidant reserves, macromolecular turnover, and receptor-mediated AGE degradation, prior to renal elimination. Steady-state AGE levels reflect not only glycemia but also the balance of oral intake, endogenous formation, and catabolism of AGEs. At least 2 types of cellular AGE receptors have been characterized: RAGE and AGER1. AGER1 binds, degrades AGEs, and protects against oxidant injury (Fig. 5) . It has considerable antioxidant and anti-inflammatory properties based on studies on AGER1-transduced cells and transgenic mice [22, [39] [40] [41] [42] . AGEs induce native AGER1. Prolonged supply of external AGEs, however, depletes AGER1. The ensuing surplus OS promotes inflammation via RAGE, TLR4, EGFR, and other receptors regulating the activities of NF-κB, AP1, FOXO, and other pathways. Chronically elevated AGEs, via high OS, are potent suppressors of NAD+, partly by reducing NAMPT leading to SIRT1 depletion. Decreased SIRT1 levels promote NF-κB p65 hyper-acetylation and enhanced transcription of inflammatory genes, such as TNFα, which contributes to insulin resistance. AGER1, by engaging AGEs, controls many of these effects. The protective effects of AGER1 may stem from its long extracellular tail with high-affinity AGE-binding domain that competitively interferes with other AGE cell surface interactions leading to ROS.
The other type of multiligand receptor, RAGE, is thought to promote and perpetuate cell activation and tissue injury via increased OS [43, 44] . The balance between these 2 receptors may be critical in the maintenance of oxidant homeostasis or progression to diabetes. Thus, AGER1 disrupts RAGE signaling [39] and promotes the expression and functions of SIRT1, a major deacetylase and a regulator of inflammation and the metabolic actions of insulin [32••] . AGER1, like SIRT1 and other defense mechanisms, is suppressed in chronic diabetes. However, both AGER1 and SIRT1 are restored after lowering the external oxidant burden by AGE restriction [32••, 33••]. Taken together, AGER1 expression levels correlate positively with the levels of other intracellular anti-oxidant mechanisms (SIRT1, NAMPT, SOD2, GSH) and negatively with prooxidant pathways (ie, RAGE, NADPH oxidase, p66 shc ). Thus, assuming that AGER1 is important in the maintenance of normal AGE homeostasis, reduced AGER1 expression levels may signal a compromise in host defenses.
Degradation products of AGE-proteins resulting from the action of AGER1 and other receptor or nonreceptor mechanisms give rise to AGE-peptides, which normally filter across the glomerular membrane. After filtration they can undergo variable degrees of tubular reabsorption or further catabolism by the proximal tubule, and excretion in the urine [45] . The active participation of the kidneys in the metabolism and excretion of AGEs is demonstrated by an inverse correlation between serum AGE levels and renal function estimated by glomerular filtration rate (GFR) [46] . A precise and quantitative analysis of the contribution of each of these processes is lacking in humans. It is, however, suggested in both animal and human studies, that even a modest degree of renal disease Fig. 3 Dietary AGEs can impair insulin secretion in pancreatic islet β-cells. Pro-oxidant AGEs can induce iNOS, and the generation of mitochondrial ROS, suppressing cytochrome-C levels and ATP generation, reducing insulin release. They can also suppress the deacetylase SIRT1, which regulates UCP2, thus, impairing membrane depolarization and β-cell secretory function is associated with a markedly reduced excretion of oxidant AGEs [23, 46, 47] .
Failing Anti-AGE Defenses: A Road to High OS and Chronic Inflammation
Ambient levels of AGEs and OS regulate the expression of both AGER1 and RAGE receptors and their downstream pathways as needed to maintain the glycoxidative balance within cells. Thus, short-term elevations in AGEs can bring about an overexpression in AGER1, as well as in RAGE levels. On the other hand, reduced AGE levels, as seen after a low AGE diet in healthy subjects, downregulate AGER1 as well as RAGE levels [22] . Consistent with an active role of AGER1 in AGE turnover and elimination by the normal kidney, AGER1, but not RAGE levels correlate directly with urinary AGEs in healthy persons. Under chronic diabetes or chronic kidney disease, however, the situation is quite different. RAGE levels remain high, while AGER1 levels are uniformly suppressed even during full anti-diabetic therapy [18, 22, 33 ••], indicating persistently high OS. However, when diabetic patients followed a low-AGE diet for 4 months, AGER1 levels were restored to normal, while RAGE levels were effectively suppressed [33••] . This pattern further suggests that a functional depletion of AGER1 could be important in diabetic tissue injury as it could lead to intracellular AGE accumulation, ROS generation, and suppression of NAD+-dependent SIRT1, followed by a further increase in proinflammatory NF-κB activity. Thus, a hyperactivation of Fig. 4 Traditional and nontraditional pathways to T1/T2D and complications. A, Over-nutrition promotes obesity and insulin resistance as well as increased OS, inflammation and β-cell injury leading to diabetes by unclear mechanisms. B, Modern diet, typically rich in animal food products, is also generally subject to heatexposure. The resulting excess of oxidant AGEs include flavorful appetite-enhancing substances, which simultaneously promote food over-consumption and obesity, as well as insulin resistance, beta-cell injury and diabetes (type 1 or 2) RAGE and other proinflammatory genes could be the consequence of a failure of anti-AGE and anti-OS defenses, such as AGER1 and SIRT1, to fend off perpetual OS.
From the clinical and animal studies available, it may also be concluded that innate defenses and anti-oxidant mechanisms can be rapidly bolstered by the effective reduction of external oxidants, rather than by adding anti-oxidant supplements, which though perfectly functional, may be insufficient compared with the magnitude of their targets.
Diabetes, Diabetic Complications, and the New Paradox
Because hyperglycemia has traditionally been thought to be the principal source of AGEs, intensive control of hyperglycemia was expected to also control the consequences of AGEs on diabetic vascular complications [4, 48] . Recently conducted large studies (ACCORD, ADVANCE, NADT) [6] [7] [8] have, however, failed to produce these long-anticipated results highlighting a need to identify new precipitating factors. For instance, measures to assess and modulate exogenously derived AGEs might have influenced these results. Furthermore, well-controlled cellular and animal studies suggest that a chronic exogenous overload of oxidant AGEs can incite β-cell injury [13] and, thus, the occurrence of T1D and T2D diabetes and their complications [49] .
The contributing role of AGEs in human diabetes, but also in human nondiabetes related CVD or CKD is fairly well established [50] [51] [52] [53] . A significant correlation was previously found between circulating AGE-apoB levels, vascular tissue AGEs, and severity of atherosclerotic lesions in nondiabetic patients with coronary artery occlusive disease [49] , and in diabetic subjects with aortic stiffness [53] . Serum pentosidine has also been shown to correlate positively with heart-brachial pulse wave velocity and with carotid intima-media thickness [54] in patients with T2D. In a random sample of Finnish T2D participants followed for 18 years serum levels of AGEs were associated with total and CVD mortality in women [55] . These studies reinforce the role of AGEs in diabetic complications, apart from that of hyperglycemia. When patients with either type 1 or 2 diabetes were placed on a low AGE diet for a brief period of 6 weeks, there was a significant reduction of markers of inflammation and endothelial dysfunction such as hsCRP, TNFα, and VCAM-1, in addition to markedly lower serum AGE levels [37] .
The suggestion that food-derived AGEs could pose risk not only for diabetic vascular disease, but diabetes per se, has introduced a new paradox, whereby hyperglycemia could be the downstream effect of excessive AGEs, not a prerequisite. Thus, in a study on T2D subjects, baseline serum AGEs were shown to correlate with fasting insulin, HOMA-IR and BMI and after a 4-month treatment with an AGE-restricted diet, a significant reduction in plasma insulin and leptin were associated with a marked rise in adiponectin [33••] , consistent with improved insulin sensitivity. There were also significant increases in AGER1 and SIRT1 levels tied to reduced mononuclear cell NF-κB activity and decreased TNFα levels, all consistent with suppressed inflammation in these subjects. These findings await confirmation in larger trials, but, since they were independent of any changes in standard medical therapy, they support the postulate that the externally derived proinflammatory AGEs are an important culprit [22, 33••] . Furthermore, these abnormalities can be effectively -and economically -modulated by a modest decrease (~50 %) of Fig. 5 Partial list of known properties of AGER1, the best characterized anti-AGE receptor involved in the removal of AGEs, as well as in the maintenance of host defenses controlling their proinflammatory effects. Loss of function of AGER1 in chronic diabetes and other conditions of sustained oxidant AGE pressure is thought as one way by which depleted host defenses and antioxidant mechanisms can lead to the maladaptive inflammatory responses underlying diabetes and its complications the amount of AGEs in the diet, without changes in nutrients or calories.
That dietary AGEs could also have a direct and immediate impact on tissues, such as the vasculature, was suggested in separate studies. An oral AGE challenge test produced an increase in serum AGEs, followed by a transient endothelial dysfunction, based on impaired flow mediated dilatation or FMD, and a marked rise in plasminogen activator inhibitor-1 or PAI-1 -in both diabetic and nondiabetic subjects [56] . The test beverage contained neither carbohydrates nor lipids, either of which could contribute to postprandial endothelial dysfunction. Finally, a single AGE-rich solid meal induced a more pronounced acute impairment of vascular function in diabetic subjects than did an otherwise nutritionally identical low-AGE meal [57] . The transient AGE effects shown by these studies underscored the possibility that repeated or sustained "stress" from the frequent intake of certain AGE-laden foods or beverages -apart from an excess of glucose or lipids -could set the stage for long-term vascular and other tissue injury.
Lifestyle Changes and Oral Agents that Can Prevent AGE Formation and AGE Gastrointestinal Absorption
After consuming a meal with a high AGE content, healthy adults show a rapid absorption of AGEs, with a rapidly rising peak in serum AGE level [23] . A close correlation was observed between AGEs consumed and AGEs in the circulation in a cross-section of healthy subjects [19] . Additional studies in healthy, diabetic or nondiabetic subjects with chronic renal insufficiency showed that lowering dietary AGE intake (bỹ 50 %) could decrease circulating AGE levels and markers of inflammation and OS [22, 37, 58] . More importantly, an otherwise isocaloric but low in AGE diet seems able of improving hyper-insulinemia (by~40 %) in fully treated T2D patients, confirming that exogenous AGEs actively participate in the metabolic dysfunctional milieu of T2D. A marked recovery was noted in levels of AGER1, SIRT1 and adiponectin, 3 factors with anti-inflammatory properties, which were decreased at baseline. This return of innate defenses to normal suggests that this strategy carries promise as an efficient, low-cost treatment for those with diabetes mellitus or with prediabetes.
On the practical level, a low AGE intake can be easily achieved by using lower heat, higher humidity (eg, instead of roasting, grilling or frying, use stewing, poaching, etc) and avoiding highly processed pre-packaged and fast foods [29•, 30] . Patients with diabetes have found such a program to be easily incorporated into their personal and family life.
Various inhibitors of post-Amadori glycation intermediates (glyoxal, methylglyoxal, 3-deoxyglucosone) are described, including aminoguanidine [59] [60] [61] , pyridoxamine, benfotiamine and ORB-9195 [62, 63] . Some of these, such as ORB-9195 may modulate the generation of glycation and lipoxidation derivatives [64, 65] and some may become available for clinical use in the future.
Several authors have suggested the use of antioxidants as anti-AGE agents, ie, vitamin E [66] , N-acetylcysteine [67] , taurine [68] , alpha lipoic acid [69] , penicillamine [70] , nicanartine [71] , and others, despite the disappointing results of a range of studies with oral antioxidants. Since previous trials did not consider the large exogenous oxidant surplus entering the gastrointestinal tract and likely neutralizing them, their failure may not be surprising. More studies with new agents and expanded range of dosages will be needed to definitively establish their effectiveness [72, 73] .
In this context, a new study introduced sevelamer carbonate, an oral nonabsorbable negatively charged polymer, known clinically for its phosphate-binding capacity [74•] . The agent, in addition to phosphates, can bind AGEs in a pH-dependent manner, and, thus, possibly sequester AGEs in the gut. After 2 months, sevelamer carbonate, but not CaCO 3 , another phosphate-binder that does not bind AGEs, effectively lowered circulating AGEs, as well as markers of OS and inflammation in diabetic subjects with chronic kidney disease [74•] . Of particular interest was that the agent restored AGER1 and SIRT-1 to normal levels. This alternative strategy, while currently under further clinical investigation, by confirming the importance of reducing absorption of oral AGEs, provides critical support to AGE-restriction and may offer an important adjunct treatment strategy.
Conclusions
A major shift over the past half century is the enrichment of the food environment with AGEs, palatable pro-oxidant substances, which can promote both overnutrition and oxidant overload. Sustained oxidant overload may overwhelm host defenses and lead to unopposed oxidant stress and chronic inflammation. These states can over time impair insulin production and/or sensitivity and lead to diabetes. The fact that AGEs contribute significantly to OS and inflammation in diabetes and diabetic complications is no longer debated. Hyperglycemia is a significant driving force for AGE formation, especially since it arrives upon a premise of pre-existing overt OS. It is becoming increasingly clear, however, that the common diet is a carrier of pre-formed AGEs, and thus, may be a key initiator or contributor to OS. This causal factor is of particular concern in subjects not only with diabetes but those with prediabetes. Thus, AGE overload as a cause of diabetes is an area of major clinical relevance. While many pharmacologic anti-AGE therapies are under development, their efficacy remains to be proven. Aiming to reduce both the exogenous or food-derived AGEs in addition to or beyond lowering endogenous hyperglycemia-derived AGEs seems to be a sound target for lasting benefits against diabetes and its complications. In the interim, screening for and advising those with high AGE markers or consumption may be a first move in this direction that is worth considering. 
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